The germline of Drosophila is established from the pole cells, or primordial germ cells (PGCs), which form at the posterior tip of the preblastoderm embryo. PGCs are determined by maternally derived germ plasm (or pole plasm), which contains essential germ cell-specific components (reviewed by Mahowald, 2001) . Early events in the formation and migration of PGCs have been extensively studied (reviewed by Starz-Gaiano and Lehmann, 2001 ). Pole cells divide several times during the blastoderm stage to form about 40 cells, which are subsequently internalized in the midgut invagination. Pole cells then migrate through the midgut epithelium into the dorsal mesoderm, where they aggregate with somatic gonadal precursors to form the embryonic gonad (Boyle et al., 1997) (Fig. 1) . PGCs seem to be transcriptionally quiescent (Zalokar, 1976) and are arrested in the G2 phase of the cell cycle due to repression of Cyclin B production by Nanos and Pumilio (Asaoka-Taguchi et al., 1999) . PGCs reenter mitosis 16 h after egg-laying (AEL) in a sexually dimorphic manner (Sonnenblick, 1941) . In females, about 12 PGCs are present in the gonad of the first instar larva and the number increases to about 100 at the late third instar larval stage (King, 1970; Zhu and Xie, 2003; Gilboa and Lehmann, 2006) (Fig. 1) . About 30 PGCs become germline stem cells (GSCs) at the early pupal stage (King, 1970; Bhat and Schedl, 1997) . PGCs that associate with precursors of the cap cells are considered to become GSCs (Zhu and Xie, 2003; Asaoka and Lin, 2004) . Adherens junctions form between newly formed cap cells and PGCs during the pupal stage (Song et al., 2002) . In males, PGCs resume division during early stages of gonad development (Wawersik et al., 2005) 
Introduction
The germline of Drosophila is established from the pole cells, or primordial germ cells (PGCs) , which form at the posterior tip of the preblastoderm embryo. PGCs are determined by maternally derived germ plasm (or pole plasm), which contains essential germ cell-specific components (reviewed by Mahowald, 2001) . Early events in the formation and migration of PGCs have been extensively studied (reviewed by Starz-Gaiano and Lehmann, 2001 ). Pole cells divide several times during the blastoderm stage to form about 40 cells, which are subsequently internalized in the midgut invagination. Pole cells then migrate through the midgut epithelium into the dorsal mesoderm, where they aggregate with somatic gonadal precursors to form the embryonic gonad (Boyle et al., 1997) (Fig. 1) . PGCs seem to be transcriptionally quiescent (Zalokar, 1976) and are arrested in the G2 phase of the cell cycle due to repression of Cyclin B production by Nanos and Pumilio (Asaoka-Taguchi et al., 1999) . PGCs reenter mitosis 16 h after egg-laying (AEL) in a sexually dimorphic manner (Sonnenblick, 1941) . In females, about 12 PGCs are present in the gonad of the first instar larva and the number increases to about 100 at the late third instar larval stage (King, 1970; Zhu and Xie, 2003; Gilboa and Lehmann, 2006) (Fig. 1) . About 30 PGCs become germline stem cells (GSCs) at the early pupal stage (King, 1970; Bhat and Schedl, 1997) . PGCs that associate with precursors of the cap cells are considered to become GSCs (Zhu and Xie, 2003; Asaoka and Lin, 2004) . Adherens junctions form between newly formed cap cells and PGCs during the pupal stage (Song et al., 2002) . In males, PGCs resume division during early stages of gonad development (Wawersik et al., 2005) . A niche of male GSCs was shown to have 0925-4773/$ -see front matter Ó 2008 Elsevier Ireland Ltd. All rights reserved. doi:10.1016/j.mod.2008.01.004 been established in the embryonic gonads in the mid-embryonic stage (Le Bras and Van Doren, 2006) . Sevenless, a receptor tyrosine kinase is required to ensure that the niche develops in the anterior region of the male embryonic gonads (Kitadate et al., 2007) .
Functional aspects of growth factors for the maintenance and division of GSCs have been extensively studied (reviewed by Xie et al., 2005) . Decapentaplegic (Dpp), produced by the cap cells, plays an essential role in the maintenance and division of the GSCs Spradling, 1998, 2000) . Overexpression of Dpp increases the number of PGCs during the pupal-adult transition stage (Zhu and Xie, 2003) . Furthermore, Dpp depresses the differentiation of PGCs during the larval period (Gilboa and Lehmann, 2004) . The restriction of the Dpp signal to GSCs is dependent on a series of genetically redundant mechanisms to inhibit Dpp signaling (Casanueva and Ferguson, 2004) . Wingless (Wg) is known to regulate the maintenance of somatic stem cells but not GSCs (Song et al., 2002; Song and Xie, 2003) . Proliferation of somatic stem cells depends upon Hedgehog (Hh), secreted by the terminal filament and cap cells (Forbes et al., 1996a, b) . In males, hub cells express the ligand Unpaired (Upd), which activates the Janus kinase/signal transducer and activator of transcription (JAK/STAT) pathway in adjacent germ cells to maintain them as male GSCs (Kiger et al., 2001; Tulina and Matunis, 2001) . Dpp is also important for maintaining male GSCs (Shivdasani and Ingham, 2003; Kawase et al., 2004; Schulz et al., 2004) .
Little is known about the roles of growth factors in the division of PGCs during the embryonic period. In this study, we examined the roles of growth factors in the development of PGCs, especially in the initiation of the entry into mitosis of PGCs during the embryonic stage. We found that Wg produced by the gonadal soma and PGCs initiates the reentry of PGCs into mitosis in both sexes. Dpp then causes the division of PGCs from the late embryonic stage.
Results

Stage-specific effects of overexpression of growth factors on the number of PGCs
To clarify the stages at which each growth factor functions to control the cell division of PGCs during development, we varied the developmental time at which the embryos were subjected to heat-shock. We counted the number of PGCs in the ovaries of non-heat-shocked hs-Gal4/UAS-dpp, hs-Gal4/ UAS-wg, and hs-Gal4/UAS-hh larvae as a control in each heat-shock experiment (Table 1) . Average numbers of PGCs in the non-heat-shocked control larvae were similar to those reported previously (King, 1970; Zhu and Xie, 2003; Gilboa and Lehmann, 2006) . Overexpression of Dpp was effective in increasing the number of PGCs from the end of embryogenesis (20 h AEL; stage 16) (Table 1) . Interestingly, overexpression of Wg was effective earlier than that of Dpp. Wg overexpression at 13 h AEL (stage 14) caused a significant increase in the number of PGCs in the ovaries of late third instar larvae. Furthermore, the number of larval PGCs increased more when heat-shock was given at the mid-embryonic stage (13 h AEL) than at the late embryonic stage (20 h AEL) ( Table 1 , and Fig. 2A and B) . However, Wg overexpression in the larval stage did not have a positive effect on the number of larval PGCs (Table 1) .
wg is a segment polarity gene and is expressed in the posterior compartment of the somatic cells of Drosophila embryos during early embryonic development (reviewed by Klingensmith and Nusse, 1994) . To clarify whether Wg overexpression affects the number of PGCs with tissue-specific Gal4 drivers, which can distinguish between PGCs and soma in the gonads, we used a germline-specific nanos-Gal4 driver and three gonadal somatic cell Gal4 drivers, 3747, 3748, and SGP-Gal4. nanosGal4 drives PGCs throughout development ( Fig. 3A ; Van Doren et al., 1998) . The remaining three Gal4 lines drive the adult ovarian soma (Manseau et al., 1997) . We found that SGP-Gal4 PGCs and gonadal soma continue to grow during larval development. Precursors of cap cells locate at the terminal filament (dark blue). PGCs locate in the middle portion of the ovary and number about 100 cells at the late third instar. Embryonic stages are according to Campos-Ortega and Hartenstein (1997) .
drove the ovaries from the middle embryonic stage (Fig. 3B) . The other two Gal4 lines drove them from the first instar larval stage (data not shown). The number of PGCs greatly increased when Wg was overexpressed with SGP-and nanosGal4-drivers but not with 3747 and 3748 drivers (Fig. 3C ). Thus, it is evident that Wg functions to control the division of PGCs in the embryonic gonads. In addition, the above results indicate that Wg functions partly as an autocrine growth factor for PGCs because Wg overproduction by nanos-Gal4 driver was as effective as the SGP driver.
Wg overexpression increases mitosis of embryonic PGCs
To find out whether Wg overexpression increases the division of embryonic PGCs, we counted the number of PGCs in the gonads of hs-Gal4/UAS-wg animals just after hatching (26 h AEL). The number of female PGCs increased to 11 ± 1.7 in the heat-shocked larvae in contrast to 8 ± 1.2 in nonheat-shocked larvae (P < 0.001). Increased division of PGCs was also evident in males. The average number of male PGCs was 32.4 ± 5.2 and 25.9 ± 7.0 (P = 0.03) in the heat-shocked and control gonads, respectively. Clearly, Wg overexpression caused the accumulation of more embryonic PGCs in the developing gonads in both sexes. We further examined the frequency of mitotic PGCs by staining with anti-phospho-Histone H3 to visualize mitosis in embryonic PGCs. Mitosis of embryonic PGCs occurred in 7.3% of ovaries when Wg was overexpressed at 14 h AEL (stage 15) ( Table 2; compare Fig. 4A and B) but it was not seen in control, non-heatshocked ovaries. Increased mitotic activity of embryonic PGCs in the presence of Wg overexpression was particularly prominent in testes (Table 2 ; compare Fig. 4C and D). There were more than 70% of mitotic PGCs, a much higher percentage than in the control at the same stage (27.3%) in testes. These results clearly indicate that Wg signaling plays a crucial role in the cell division of embryonic PGCs in both sexes. It is noteworthy that the gonadal soma and other surrounding somatic cells did not show an increased number of divisions (Fig. 4) . Thus, Wg signals in the embryonic gonads are specific for the proliferation of PGCs.
Direct action of Wg signals on the reentry of embryonic PGCs
To verify whether the Wg signal directly regulates the division of PGCs, we abrogated Wg signaling by expressing axin in PGCs and examined the rates of mitotic PGCs at 14 h AEL (stage 15) in testes and 38 h AEL in ovaries, by staining with anti-phospho-Histone H3 to visualize mitosis. Axin is a negative regulator of the Wg signaling pathway (Hamada et al., 1999) . The percentage of testes with mitotic PGCs was lower in nanos-Gal4/UAS-axin embryos than in nanos-Gal4/UASp-egfp embryos (Table 3) . Mitotic PGCs were also reduced in first Dpp or Wg was overexpressed in hemizygous animals of genotype hs-Gal4/UAS-dpp or UAS-wg after a heat pulse. Number of gonads examined (n), standard deviation (SD) and P values of Student's t-test are shown in each column. 1L, first instar larvae; ND, not determined. instar larval ovaries (Table 3) . Furthermore, the decrease in the rate of mitosis in PGCs was significant in a weak wg spd-fg mutant gonad (Table 3) . These results indicate that the Wg signal potentially regulates PGC division in male and female gonads. To identify the tissue that provides Wg signals, we reduced Wg production by RNA interference (UAS-wgIR) with the nanos-Gal4 or SGP-Gal4 driver. The mitosis of PGCs significantly decreased when Wg production reduced in either PGCs or gonadal somatic cells (Table 3) . Clearly, Wg signals were provided by gonadal somatic cells and PGCs themselves. Considering that the effect of Wg is restricted to the earlier stages, it is possible that Wg signaling defines the timing of reentry into mitosis. To investigate this, we checked the timing of appearance of mitotic PGCs in nanos-Gal4/UAS-axin and control (nanos-Gal4/UASp-egfp) animals during the embryonic and larval periods (Fig. 5) . We found that PGCs began to divide 13 h AEL in male embryos and 36 h AEL in female larvae. The reentry of PGCs into division was delayed to 14 and 38 h AEL in nanos-Gal4/UAS-axin males and females, respectively. Irrespective of the delay in PGC division, the frequencies of mitotic PGCs reached the control level in Wg down-regulated gonads in both sexes. These results indicate that Wg defines the timing of reentry into mitosis of PGCs in both sexes during development and does not function as a major growth factor for PGCs.
Wg signal pathway in PGCs
To further confirm the Wg signal pathway in PGCs, we stained gonads of embryos at various stages with anti-Wg and anti-Arm (b-catenin) antibodies. Arm is a signal transducer of the Wg signaling pathway and regulates target genes by translocating into the nucleus (reviewed by Gordon and Nusse, 2006) . We found that strong signals of Wg appeared in the cytoplasm of both PGCs and soma in the gonads (Fig. 6A-C) . In addition, Arm began to accumulate in the cytoplasm of PGCs after they migrated into the embryonic gonads (Fig. 6D-F) . In some instances, strong Arm signals accumulated in the nuclei of PGCs (Fig. 6D-F) . In the PGCs of wg spd-fg mutant gonads, Arm signals were much lower than in wild-type gonads (Fig. 6G-I) . Apparently, the Wg/bcatenin signal pathway occurs in embryonic PGCs. We then examined whether the time of reentry into mitosis coincides with the time of Arm accumulation in the nuclei of PGCs in both sexes. We determined the sex of embryonic gonads by GFP-labeling of the X chromosome (see Section 4). , it is an embryonic driver). 3747 and 3748 drive them from the first instar larval stage (i.e., they are larval drivers). PGCs in larval ovaries of offspring from crosses of each Gal4 driver with UAS-wg were stained with anti-Vasa antibody. PGCs coincided with the time when PGCs reentered mitosis in both sexes. Next, we examined whether PGCs themselves produce Wg in an in situ hybridization experiment using a wg anti-sense probe. Characteristic wg stripes appeared in the epidermal tissues of our prepared embryos (data not shown). To observe the staining pattern in the gonads in detail, we dissected the gonads from the remainder of the tissues. We found no wg mRNA signals in the cytoplasm of PGCs in embryonic gonads at 10 h AEL (stage 13) (Fig. 7A) ; however, strong signals began to appear from 15 h AEL (stage 16) in some embryos (Fig. 7B) . No wg mRNA signal was detected in the PGCs of the wg spd-fg mutant gonad (Fig. 7C) . Thus, PGCs began to produce wg mRNA when PGCs reentered mitosis.
Discussion
The present study clearly shows that the Wg signal has an essential role in the initiation of mitosis in embryonic PGCs. Wg functions as an autocrine growth factor for the reentry of PGCs into mitosis. This is much different from the situation with regard to adult GSCs. The maintenance and division of GSCs have been shown to be regulated by niche cells that produce Dpp and Gbb (Xie and Spradling, 1998, 2000; Song et al., 2004). Wg regulates the maintenance of somatic stem cells but not GSCs (Song et al., 2002; Song and Xie, 2003) . Wg had no effect on the growth of bam GSCs in culture (Niki et al., 2006) . The simultaneous occurrence of the Wg signaling pathway and reentry of PGCs into mitosis in both sexes indicates that the sexual dimorphism of the mitotic property of PGCs during embryonic development would depend on the action of the Wg signaling pathway. At present, it is an open question what upstream factor(s) regulates the timing of Wg signaling in PGCs during embryonic development in each sex. One of the factors might be the JAK/STAT pathway, which was shown to be required for male-specific germ cell behavior during early embryonic development (Wawersik et al., 2005) . When Upd was overexpressed in female embryos, extraordinary mitosis was induced at the mid-embryonic stage (Wawersik et al., 2005) . It is important to elucidate the factor(s) that regulates the Wg signaling pathway for the initiation of the reentry into mitosis of embryonic PGCs in the two sexes. Wnt is a family of secreted proteins that regulate several physiological and pathological processes in the development and maintenance of various tissues (Logan and Nusse, 2004) . In Drosophila, Wg signaling promotes cell cycle progression in the embryonic Malpighian tubules (Skaer and Martinez Arias, 1992) and in the early larval imaginal wing disc (Diaz-Benjumea and Cohen, 1995; Neumann and Cohen, 1996) . In mammals, Wnt/b-catenin signaling regulates the maintenance of various stem cell systems, including intestinal epithelial, follicular, hematopoietic, and embryonic stem cells (Huelsken et al., 2001; van de Wetering et al., 2002; Reya et al., 2003; Zechner et al., 2003; Sato et al., 2004) . Unexpectedly, our present results showing that the role of Wg signal in initiating the mitosis of embryonic PGCs are contrary to the role of Wnt signaling in PGC development in mouse. In mouse PGCs, nuclear-localized b-catenin gradually disappears after E13.5 (Kimura et al., 2006) . The suppression of Wnt/b-catenin signaling is a prerequisite for normal cell cycle progression in PGCs. The cell cycle is arrested by overexpression of b-catenin, resulting in germ cell deficiency followed by apoptosis (Kim et al., 2000; Olmeda et al., 2003; Kimura et al., 2006) . Suppression of Wnt/b-catenin signaling in mouse is thus proposed to ensure an adequate number of germ cells (Kimura et al., 2006) . At present, the reason for Wg to have different roles in PGCs of fly and mouse are not known. Further work will be required to elucidate the function of Wg in PGCs of diverse animals.
Considering that in the present study the percentage of mitotic PGCs reached the same level in the later embryonic stage even when Wg was down-regulated constitutively with a tissue-specific driver, the lack of Wg signaling does not affect the function of Dpp, which becomes effective from the late embryonic stage. During larval development, only Dpp is effective in promoting the growth of PGCs (Sato, unpublished results) . Dpp may function as a main growth factor for the division of embryonic larval development. Further analyses of the growth factors that regulate the division of PGCs after the embryonic stages are needed.
The increase in the number of PGCs was always less than 2-fold compared with controls. This may be due to a limitation in the time schedule and space available for gonads during development. Recently, Gilboa and Lehmann (2006) showed that the proliferation of PGCs and survival of the intermingled somatic cells that contacted them were coordinated by means of a feedback mechanism composed of a positive signal and a negative signal during gonad development. They proposed that homeostasis and coordination of growth between soma and germ line in the larval ovary were achieved using a sensor of PGC numbers (epidermal growth factor-mediated survival of intermingled cells) coupled to a correction mechanism inhibiting PGC proliferation. Thus, it is reasonable to consider that the number of PGCs is controlled by this mechanism.
4.
Experimental procedures 4.1.
Fly stocks
The following fly stocks were used in this study: 
Heat-shock experiments
To overexpress growth factors, embryos or larvae from the cross of hs-Gal4 and UAS-dpp, UAS-wg, or UAS-hh were heatshocked at 37°C for 1 h. The heat-shocked animals were allowed to develop into late third instar larvae, i.e., the stage when larvae have moved out of food but have not yet pupated.
Microscopy, immunohistochemistry, and in situ hybridization
Ovaries were dissected, fixed with 4% formaldehyde in PBS for 10 min and washed with 0.2% PBT (0.2% Triton X-100 in PBS) for 40 min. Embryos were dechlorinated in 50% commercial chlorine bleach, rinsed with distilled water, and fixed in 4% formaldehyde under heptane at room temperature for 20 min. Embryos were then devitellinized with methanol and washed with 0.2% PBT for 40 min. After blocking with 5% bovine serum albumin in 0.2% PBT for 60 min, the embryos were treated with primary antibodies overnight at 4°C and then washed with 0.2% PBT for 40 min. The embryos were treated with appropriate secondary antibodies for 60 min and then washed with 0.2% PBT for 40 min. The following primary antibodies were used: rabbit antiVasa antibody (1:2000; a gift from Dr. S. Kobayashi, National Institute for Basic Biology, Okazaki and Dr. A. Nakamura, Riken Center for Developmental Biology, Kobe), chicken anti-Vasa antibody (1:1000; a gift from Dr. R. Lehmann, New York University), rabbit anti-phospho-Histone H3 antibody (Upstate Biotechnology Lake Placid, NY, USA), mouse anti-Wg 4D4 antibody (1:10; Developmental Studies Hybridoma Bank/Iowa University), mouse anti-Armadillo (Arm) antibody (1:100; a gift from Dr. S. Yanagawa, Kyoto University), mouse anti-LacZ antibody (1:100; Promega, WI, USA), mouse anti-Fasciclin III (FasIII) antibody, and mouse antiSex lethal (Sxl) M18 antibody (1:100; Developmental Studies Hybridoma Bank/Iowa University). Secondary antibodies were goat anti-mouse, goat anti-rabbit IgG, and goat anti-chicken conjugated to Alexa 350, Alexa 488, or Alexa 546 (1:200; Molecular Probes, Eugene, OR, USA).
Whole mount in situ hybridization was performed as described in Tautz and Pfeifle (1989) . Anti-sense wg riboprobe was prepared by digesting pFLC-1-wg (clone RE02607; Drosophila Genomics Resource Center) with NotI, and transcribing with T3 polymerase using digoxigenin-labelled UTP (Roche, Mannheim, Germany). These samples were dissected with tungsten needles and mounted on slides. To observe the staining pattern of gonads in detail, the gonads were dissected from the remainder of the tissues.
The immunologically stained samples were mounted on slides in Aqua-Poly/Mount (Polysciences, Inc., Warrington, PA, USA) and examined using phase contrast and epifluorescence microscopy (IX71; Olympus, Tokyo). Images were obtained with Coolsnap fx (Roper Scientific Inc., Trenton, NJ, USA), Metamorph (Molecular Devices, Union City, CA, USA), and a digital camera E-300 (Olympus). Some of the figures were deconvoluted using AutoDeblur 8.0 (Media Cybernetics, Inc., Silver Spring, MD, USA).
4.4.
Sexing of embryos and larvae
The sex of the embryos and first instar larvae was determined by immunostaining with anti-Sxl anti-FasIII antibodies or using an X chromosome carrying a gfp transgene: FM7c, P{Gal4-Kr.C}, P{UAS-GFP.S65T} (DeFalco et al., 2003) . FasIII is a molecular marker specific to hub cells at the adult testis apical tip. The hub is formed during the final stage of embryogenesis (Le Bras and Van Doren, 2006) . When using labeled X chromosomes, crosses were set up in which males carrying the labeled chromosome were mated to wild-type ORE-RP females. Only female progeny of such crosses have a labeled X chromosome whose GFP expression pattern can be detected by fluorescence microscopy.
TUNEL assay
For TUNEL labeling, apoptotic cells were detected with the In Situ Cell Death Detection Kit, TMR red (Roche).
